Left ventricular filling pressure serves as a most useful haemodynamic index of cardiac dysfunction in acute myocardial infarction. In order to predict the filling pressure from the P wave of the electrocardiogram,flowdirected Swan-Ganz catheters were inserted in 40 acutely ill patients (36 with acute myocardial infarction or serious angina). An elementary electrocardiographic measurement, the P terminal force in lead Vi was found to be well and inversely correlated to the level of mean left ventricular filling pressure, particularly in patients with acute left heart failure (P< o ooI, r= -o82). Significant correlation (P< o ooI) was further noted between left ventricular filling pressure and clinical severity of acute myocardial infarction, mixed venous oxygen saturation, pulmonary radles, and radiological pulmonary vascular congestion. Absence of third andfourth heart sounds indicated normal left ventricularfilling pressure in acute myocardial infarction but the reverse was not found to be true. Acute sequential variations in left ventricular filling pressure were paralleled by the P terminal force more closely than any other recorded variable.
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It is concluded that P wave alterations provide a useful, simple, and noninvasive toolfor quantitative assessment of acute changes in LV preload in seriously ill patients.
Continuous observation and prompt treatment in coronary care units of the electrical instability in acute ischaemic heart disease has made death, as a consequence of the arrhythmia per se, rare. Consequently, mechanical pump failure is now the most common cause of hospital death in patients with acute myocardial infarction. Prediction and correct treatment of the pathophysiological derangements in this type of failure in the heart have therefore emerged as of paramount importance in the effort to reduce deaths secondary to acute myocardial infarction.
Parameters commonly used in attempts to assess power failure have been those derived from the usual clinical observations, palpation, and auscultation. More recently these have been supplemented by the more quantitative measurement of pulmonary arterial pressure and pulmonary capillary wedge pressure, reflecting left ventricular filling pressure, by means of the Swan-Ganz balloon-type catheter. Other workers have reported on the use of mixed Received 4 August 1972. 1 The present work was presented in abstract form in Circulation, 44, SuppI. 2, 23I, I971. venous oxygen saturation, repeated chest x-ray films, and the determination of cardiac output and other haemodynamic parameters. However, there remains a need for a simple and easily repeatable noninvasive method for the early prediction of impending power failure, particularly when several patients are simultaneously monitored in the coronary care unit.
Earlier clinical investigations have suggested that acute changes in the P wave configuration give information ofacutely developing left ventricular (LV) dysfunction in acute myocardial infarction (Heikkila, I967; Heikkild and Luomanmaki, I970). Therefore, the reliability of this electrocardiographic indicator of left atrial overloading was examined for its ability to predict one major haemodynamic factor, the left heart filling pressure, by the correlation of serial changes of the P wave with pressures, simultaneously measured through a catheter in the pulmonary capillary wedge position.
Severity of acute infarction was also assessed clinically, by auscultatory evidence for left ventricular failure, by the degree of pulmonary vascular congestion and heart size on the chest film, and by pulmonary arterial oxygen saturation measured intermittently. These parameters were likewise related to serially measured filling pressures.
Patients and methods
The study comprised 40 acutely ill patients admitted to the Coronary Care Unit of the University Hospital, Rotterdam. Thirty-six of them had acute ischaemic heart disease; 29 of these had acute myocardial infarction, and 7 prolonged angina pectoris. Four patients with, respectively, aortic stenosis, tight mitral stenosis complicated by acute pulmonary oedema, complete heart block, and noncardiac chest pains were also included. There were 5 women and 35 men. The mean age was 57-2 years, with a range of 28 to 78 years.
Clinical classification
The patients were grouped according to the clinical assessment of the severity of acute myocardial infarction or left ventricular failure into 3 groups, as defined earlier (Heikkild, Luomanmaki, and Py6rala, I97Ia): Group I formed the nonfailure group, and consisted of 4 patients with uncomplicated acute myocardial infarction, 7 with angina pectoris, and 2 of the noncoronary patients; none of these I3 in group i had clinical signs of heart failure during their entire observation period. the coronary care unit. The catheter was floated rapidly, without significant arrhythmias, into a peripheral branch of the pulmonary artery so that the pulmonary capillary wedge pressure could be measured whenever the balloon was reinflated (Swan et al., 197ob) . The pulmonary capillary wedge mean pressure from beats over several respiratory cycles was averaged. In an occasional case where the wedge pressure could not be measured, pulmonary artery diastolic pressure was used as an equivalent. Such substitution has been shown to be valid for patients without chronic pulmonary vascular disease (Lassers et al., I970; Russell et al., I970; Karliner and Ross, 197I) . Serial pressure measurements were done every I to 2 hours in each patient. An average of 4 comparisons with simultaneous electrocardiograms were analysed per patient. The zero reference level was taken to be 5 cm below the sternal angle. A Statham 23dB pressure transducer, and a Philips or Hewlett Packard preamplifier and inkjet recorder were employed for these measurements and recordings. In this study pulmonary capillary wedge pressure was considered to be equivalent to the left heart filling pressure.
Pulmonary arterial oxygen saturation Blood samples withdrawn through pulmonary catheters were analysed by the American Optical direct oximeter in the coronary care unit.
Results Relation ofP terminal force to left heart filling pressure Pulmonary capillary wedge and/or pulmonary arterial diastolic pressure were available in 77 instances from 27 patients in whom left ventricular dysfunction developed acutely. Comparison of mean pulmonary capillary wedge and P terminal force in this group had a correlation coefficient of r = -o082, P < o-ooi (Fig. 2) . The regression equation was: PCW = 3 7-I9I PTF (mm sec) ± 4-o (Sy, x) mmHg. The electrocardiogram was always abnormal, i.e. P terminal force less than -o0o3 mm sec, if pulmonary capillary wedge exceeded I2 mmHg. If it was below I0 mmHg, P terminal force remained either normal or occasionally was borderline abnormal, i.e. between -o0o3 mm sec and -o0o4 mm sec.
Five patients had longstanding hypertension and/ or chronic heart failure and were admitted due to acute worsening of their clinical state. These 5 patients often had abnormal P terminal force despite normal filling pressure (Fig. 2) Discordant changes were only minor and were observed in IO of I3 instances within the normal range for both these variables ( Fig. 2 and 3 ). In the 3 remaining observations the range of the pulmonary capillary wedge changes was only 3 mmHg or less (Fig. 3) . It was striking to observe that P terminal force paralleled acute variations in pulmonary capillary wedge over a wide range rapidly (Fig. 4) An enlarged heart was found by chest x-ray film in 2I of 38 patients (55%). The cardiothoracic ratio did not correlate with the pulmonary capillary wedge, nor with P terminal force though normal filling pressures were mostly found in normal-sized hearts. Completely normal vascular markings were found in the chest films of 2 patients (5%) only. 1 -in i8 patients (47%) in the 38 where x-ray studies were available. In 35 per cent of the patients with pulmonary oedema (grade 4) secondary to acute myocardial infarction a normal sized heart was present.
The association of radiological pulmonary venous congestion with LV filling pressure is shown in Fig. 6 . The correlation coefficient was o-63; P<o-ooi, in 65 observations. The 5 radiological classifications differed significantly from each other (P < o.ooi) also when analysed by F test (F = I5 I6, d.f. 4-6o). The individual groups differed (P <o-ooi) from each other as shown in Fig. 6 .
The level of the LV filling pressure was closely correlated with the previously described three clinical groups (F = 24-6, P < oooi). Only cases with acute LV dysfunction are included in these figures. The mean of the highest pulmonary capillary wedge pressures in group I was 7.5 ± 2-8 mmHg (N = 12), 40. .3or 01 group.bmj.com on May 13, 2017 -Published by http://heart.bmj.com/ Downloaded from and the pulmonary capillary wedge never exceeded io mmHg. In group 2 it was I3I ± 37 mmHg (range 8 to 20, N = 9), and in group 3 it was 25'I±9+2 mmHg (range I5 to 38, N=7). The individual clinical groups differed significantly from each other too: i and 2, P < OOI; 2 and 3, P < 0o05, i and 3, P<o-oi.
Pulmonary rdles correlated with raised pulmonary capillary wedge (P < o-ooi) in 80 comparisons. If no rales were heard, the filling pressure was usually normal, i.e. I0 mmHg or less, with only 4 exceptions among 45 comparisons (Fig. 7) . By contrast, it did not prove possible to predict the level of pulmonary capillary wedge in a given patient in whom rales were heard. Radiologically, all patients with pulmonary oedema had rales, and patients with x-ray grades o and i had audible rales only once. However, great difficulties occurred in patients with grade 3 congestion, where rales were frequently absent. Thus, absence of rales correlated better with a normal pulmonary capillary wedge than with the radiological picture. An atrial gallop was heard in 26 patients and a ventricular gallop in 33 patients. If S3 or S4 gallop was absent (5 and 12 patients) pulmonary capillary wedge pressure remained always normal and all except for 2 of these patients belonged to group i. In all other patients both the atrial and the ventricular gallop was distributed quite equally among those with normal and those with raised filling pressures. Of the 29 patients with acute myocardial infarction, I4 developed clinically detectable acute papillary muscle dysfunction. In the patients with even temporary mitral incompetence an abnormal P terminal force was more frequent (Fig. 8) in the horizontal plane and is directly indicated by deepening of the negative deflection of the P wave in lead Vi (Morris et al., I964) . Recent experimental evidence that acute changes in the electrical resistivity of left atrial blood are related to changes in peak spatial magnitude of the P wave (r = o-89; P < o ooi; Fig. 9 ) and the fact that changes in the resistivity of ventricular blood have similar effects on the QRS spatial vector (Nelson et al., I972) have suggested that altered blood resistivity or its closely related causative factor, altered haematocrit, might be a pathophysiological mechanism for the observed alterations in P terminal force (Hugenholtz, Heikkila, and Nelson, I972) . Since the spread of atrial activation is largely tangential, increased haematocrit would tend to increase these tangential forces and thus P terminal force. The theoretical possibility that there are such sudden changes in haematocrit as a result of sequestration of the circulating body fluids in various compartments, e.g. pulmonary oedema, warrants further investigation.
Earlier observations on the LV failure and on the influence of acute papillary muscle dysfunction in acute myocardial infarction, lend support to another explanation, that sudden increases and decreases in dipole moment ratio as a function of blood resistivity ( P wave) group.bmj.com on May 13, 2017 -Published by http://heart.bmj.com/ Downloaded from Prediction of left heart filling pressure x49 left atrial volume could be a relevant mechanism (Heikkila, I967; Heikkila and Luomanmaki, I970) . Sudden increases in left atrial wall stretch by pressure rise could cause delayed activation and hence altered cancellation. This would tend to augment the influence of the left atrial vectors. However, plot of the duration (o0o4 to o-o8 sec) against the amplitude of the terminal deflection of the P wave in Vi, i.e. the two components of P terminal force, failed to indicate that an increased duration (and hence decreased cancellation by right atrial depolarization) was the cause of the augmentation of P terminal force. Finally, the observation that the changes occur within hours clinically, and instantaneously in an experimental study, appears to exclude atrial muscle hypertrophy as a mechanism.
Left ventricular dysfunction occurs in every patient with transmural acute myocardial infarction (Hikkild et al., I97Ia) . The extent of this dysfunction is chiefly governed by the amount of muscle fibres destroyed, the degree of asynergy of ventricular contraction, the change in cardiac compliance, and the added burden of mitral regurgitation caused by papillary muscle dysfunction (Swan et al., I97oa; Heikkila et al., I97ia; Heikkila, I97I; Forrester et al., I97Ia) . All these acute changes contribute to the rise of LV filling pressure, and thus of left atrial pressure and may eventually lead to pulmonary congestion.
As preload, reflected by pulmonary capillary wedge, is one of the most important determinants of the myocardial performance, frequent determination of LV filling pressure has great clinical importance in the evaluation of the adequacy of pump function in acute myocardial infarction (Fluck et al., I967; Bradley, Jenkins, and Branthwaite, I970; Rutherford, McCann, and O'Donovan, I971) . Clearly, the widely used method of monitoring central venous pressure, while valuable in guiding fluid replacement (Gunnar et al., I968) , does not provide meaningful information about the function of the left ventricle. Directly assessed LV filling pressure when the left ventricle is acutely damaged is the only correct determinant of left ventricular preload presently available at the bedside (Cohn, Khatri, and Hamosh, I970; Swan et al., I97oa; Diamond et al., I97I; Forrester et al., 197Ib; Hamosh and Cohn, I97I; Rahimtoola et al., I97I; Resnekov and Lipp, 197I) . The present method is advocated as an adjunct and as an early warning system in acutely ill patients where pulmonary pressure monitoring is not available. Its only drawback appears to be in patients with existing atrial hypertrophy as in mitral stenosis, arterial hypertension, aortic valvar disease, and chronic congestive heart failure (Sutnick and Soloff, I962; Gooch et al., I966; Tarazi et al., I966; Saunders et al., I967) , and self-evidently it is not applicable in a case of atrial fibrillation. However, even in these patients (atrial fibrillation excepted) superimposed acute changes in filling pressure were closely paralleled by the P wave alteration (Fig. 2) . Another noninvasive method, that of measurement of LV ejection time, mainly provides a reflection of the LV stroke output and does not so clearly relate to LV filling pressure (Heikkila, Luomanmaki, and Pyorala, I97Ib; Rahimtoola et al., 1971 ).
Other correlations with pulmonary capillary wedge pressure Chest x-ray film The quantitative contribution of the portable chest x-ray film to assess the efficacy of cardiac performance is not sufficiently appreciated in coronary care units. The correlation between the radiological appearance of venous distension and LV filling pressure has been well established earlier (Grainger, I958; Lavender et Sjogren (I970) that auscultatory rales are more indicative of an increased pulmonary capillary wedge pressure than are x-ray findings, neither the present results nor those of others on LV filling pressure in acute myocardial infarction (Lassers et al., 1970; Forrester et al., I97Ib; Hamosh and Cohn, 197I) confirn this.
On the other hand, radiological changes are much slower in their onset or disappearance than changes in P terminal force. This is one likely reason for the higher correlation coefficient between pulmonary capillary wedge and P terminal force than that between pulmonary capillary wedge and pulmonary venous congestion found only in acute situations. Indeed, the slow, 'out of phase' disappearance of interstitial fluid gave a picture of serious interstitial oedema for I2 tO 24 hours after LV filling pressure had returned to normal as the result of treatment.
Similarly, the development of acute haemodynamic deterioration will be more rapidly reflected in pulmonary capillary wedge and P terminal force. In addition to the fact that good chest films are logistic-S50 Heikkila, Hugenholtz, and Tabakin ally difficult to obtain, determination of P terminal force has the advantage of being a sensitive monitor of the adequacy of fluid therapy in terms of an optimal filling pressure of the left side of the heart. Clinical and haemodynamic correlations A rise in the LV end-diastolic pressure has been reported to occur in the majority of patients with acute myocardial infarction even when uncomplicated (Hunt et al., 1970; Hamosh and Cohn, I97I; Karliner and Ross, 197I; Rahimtoola et al., I97I) . However, the mean ('pre-a') LV filling pressure and the mean left atrial pressure has a closer association with the development of pulmonary venous hypertension than the higher but instantaneous LV end-diastolic pressure which is greatly influenced by alteration of myocardial compliance. The present data of development of clinical, electrocardiographic, and x-ray signs of LV failure in acute myocardial infarction provide support for this concept. For example, atrial gallop is at times present in every patient with acute myocardial infarction and sinus rhythm (Hill et (Heikkila and Luomanmiki, I970) . Again, the absence of S3 gallop, as does that of S4 or pulmonary moist rales, strongly indicates normal LV filling pressure, but the finding of each of these auscultatory signs may be noted in our experience with normal as well as with raised LV diastolic pressure in acute myocardial infarction.
In conclusion, though considerable overlap is frequently reported between clinical and haemodynamic parameters in acute myocardial infarction (Ramo et al., I970; Resnekov and Lipp, I97I) , a remarkably good prediction of the normality or alternatively of the important rise in mean LV filling pressure, seems to be possible by careful clinical, electrocardiographic, and radiological bedside methods. 
